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. $Re>50\sim$ , Kiman .
$Re$ 2 , $Re>180\sim$ 3
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2 $\tilde{\psi}$ , 2 $(r, \theta)$
$\frac{\partial}{\partial t}(\nabla^{2}\tilde{\psi})=\frac{1}{r}\frac{\partial(\tilde{\psi},\nabla^{2}\tilde{\psi})}{\partial(r,\theta)}+\frac{2}{Re}\nabla^{2}\nabla^{2}\tilde{\psi}$ (1)
$\tilde{\psi}=\psi_{c}(t),$ $\frac{\partial\tilde{\psi}}{\partial r}=0(r=1)$ , $\tilde{\psi}=r\sin\theta(rarrow\infty)$ (2)
. $\nabla$ , $e_{r},$ $e_{\theta}$ ,
$\nabla=e_{r}\frac{\partial}{\partial r}+e_{\theta}\frac{1}{r}\frac{\partial}{\partial\theta}$
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. $\psi_{\text{ }}(t)$ $\tilde{\psi}$ ,
$p$ 1
$\oint\nabla p\cdot e_{\theta}|_{r=1}d\theta=0$ (3)
.
(1) , $\tilde{\psi}$ , $\overline{\psi}$ $\psi$
$\tilde{\psi}(r, \theta, t)=\overline{\psi}(r, \theta)+\psi(r, \theta, t)$ , $\overline{\psi},$ $\psi$
$\psi=\psi_{c}(t)$ , $\overline{\psi}=\frac{\partial\overline{\psi}}{\partial r}=\frac{\partial\psi}{\partial r}=0$ $(r=1)$
(4)






Fourier . $N$ ,
, ,
Fourier FFTW ,
$N=3^{a}5^{b}7^{c}11^{d}13^{e}$ , $d+e=0$ 1 (6)
. (3) $n=0$
$\frac{\partial^{2}\psi_{0}}{\partial r^{2}}+\frac{\partial^{3}\psi_{0}}{\partial r^{3}}=0$ (7)
. $\psi_{n}$
$\psi_{n\neq 0}=\frac{\partial\psi_{n}}{\partial r}=\frac{\partial^{2}\psi_{0}}{\partial r^{2}}+\frac{\partial^{3}\psi_{0}}{\partial r^{3}}=0(r=1)$ , $\psi=\frac{\partial^{p}\psi}{\partial r^{p}}=0(p=1,2, \cdots)$ $(rarrow\infty)$ (8)
.




$\Psi_{m}^{(n)}(r)$ , [1, $\infty)$ $r$ $[-1,1|$
$x$




, $A^{(n)},$ $B^{(n)}$ $r=1$ $\psi_{n}$ (8) .
$rarrow\infty$ . $c$
, Chebyshev $x_{M}$ $R>1$
$c= \frac{1}{1-R}\log\frac{1-x_{M}}{2}$




(10) $\tanh(r),$ $\tan^{-1}(r)$ $1/r$
, , (10)
. , Chebyshev
. $[-1,1|$ $x$ $r(x)$
$r(x)$ $x=-1$ , $x=1$









$\Psi_{m}^{(n)}(r(x))$ , (11) $m=1$ , (4)
$\overline{\psi}=\frac{x^{2}+\overline{A}x+\overline{B}}{r}$ sm $\theta$ , $\overline{A}=\overline{B}=\frac{1+2c}{c}$ (12)
. $C_{0}=1$ .
$\{\psi_{mn}(t)\}=\psi(t)$ , (1) $(\nabla^{2})^{-1}$
$f=\{f_{mn}\}$
$\frac{d\psi_{mn}}{dt}=f_{mn}(\psi)$ (13)
. . , ,
, ,
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. , Euler , Crank-
Nicolson , Adams-Bashforth , Poincare
GMRes .
2/3 3/2 , $N$ $\tilde{N}$ $\tilde{N}/3$
$\tilde{N}$ Fourier .















, $t=0$ $\psi$ . ,
, 1 .
$T$ ,
, . Poincar\’e $\psi_{10}=0$
,
$\phi_{mn}(\psi,T)=\psi_{mn}$ , $\psi_{10}=0$
. , Poincar\’e $(\psi’, T)$ , $(\Delta\psi’, \Delta T)$
, $(\Delta\psi^{l}, \Delta T)\ll 1$ (14)
$(m_{2}n) \neq(1,0)\sum_{m,n}[\frac{\partial\phi_{jk}}{\partial\psi_{mn}}(\psi’)T)-\delta_{jk,mn}]\Delta\psi_{mn}+\frac{\partial\phi_{mn}}{\partial t}(\psi’,T)\Delta T=-[\phi_{jk}(\psi’,T)-\psi_{jk}|$ (15)
, $(\psi’+\Delta\psi’, T+\Delta T)$
. $\psi’$ Poincare , $\psi’=$ $(\psi_{20},$ $\psi_{30},$ $\cdots$ , $\psi_{MN})$
. $\partial\phi_{jk}/\partial\psi_{mn}$ $\phi_{jk}(\psi, t)$ $\delta\phi_{jk}(\delta\psi, t)$
$\frac{\partial\phi_{jk}}{\partial\psi_{mn}}(\psi’, T)=\delta\phi_{jk}(e_{mn}, T)$
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. $e_{mn}$ $mn$ 1, $0$
. (15)





$y=(\Delta T, \Delta\psi_{20}, \cdots, \Delta\psi_{MN})^{T}$ , $b=-(\phi_{10}-\psi_{10}, \phi_{20}-\psi_{20}, \cdots, \phi_{MN}-\psi_{MN})^{T}$
$\mathcal{A}y=b$ (17)
, (17) .
$\phi_{mn}$ $T$ (14) ,
. (13)






(17) . $k$ $y_{k}$
, Krylov
$\mathcal{K}_{k}=$ span$(c_{0}, Ac_{0}, \cdots, A^{k-1}c_{0})$ , $c_{0}=b-Ay_{0}$ (18)
2 $||b-Ay_{k}||$ $y_{k}\in y_{0}+\mathcal{K}_{k}$ ,
$||b-Ay_{k}||/||b||$ $y_{k}$ $y$ .
, Newton ,
. , $O(10^{-1})$
, $O(10^{-3})$ . Newton












, (17) $A$ GMRes
, , , GMRes
(17) , (17) $A$ $y$
. (18) , $k$
$A$ $A^{k_{C_{0}}}$ , $k-1$
$A^{k-1_{C_{0}}}$ , $A$ 1 $\rangle$ ’
, $k$
. $d^{(k)}=A^{k-1}c_{0}$ $d^{(k+1)}=Ad^{(k)}$ (16) $A$
$d_{jk}^{(k+1)}= \delta\phi_{jk}(d^{(k)},T)-(1-\delta_{jk,10})d_{jk}^{(k)}+\frac{\partial\phi_{jk}}{\partial t}d_{10}^{(k)}$
. $A$ , $k$
$y$ .
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Fig. 2. $Re=182$ 4 $(a)\sim(d)$
3
, $Re=800$ $\psi_{0}(1)$
Fig.1 , Fig 2 . Fig.1( )
Fig 2 $St$ Strouhal .
Fig.1 , , $Re=800$ ,
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